cleotide polymorphism at genomic position 1580 that regulates amino-terminus glycosylation. Conclusions: Pro-SP-B peptides are more common in developmentally less mature humans. Association of genotype at genomic position 1580 with pro-SP-B peptides (M r 40 and 42 kDa) suggests genetic regulation of amino terminus glycosylation in vivo.
Introduction
The pulmonary surfactant is a phospholipid-protein complex synthesized by alveolar type II cells that lowers surface tension and maintains alveolar expansion at endexpiration [1] . A developmentally regulated, quantitative deficiency of pulmonary surfactant phospholipids results in surfactant dysfunction and respiratory distress syndrome (RDS) in premature newborns with increasing risk and severity associated with decreasing gestational age [2, 3] . However, the importance of genetic regulation of surfactant function has been suggested by increased risk of respiratory distress in males and European-descent infants and by disruption of pulmonary surfactant function by completely penetrant, recessive, loss of function mutations in the surfactant protein B gene (SFTPB) [4] [5] [6] [7] [8] .
Surfactant protein B (SP-B) is a lung-specific, hydrophobic peptide [9] encoded in a 9.7-kb gene ( SFTPB ; GeneID: 6439; Locus tag: HGNC:10801; MIM: 178640) that directs the synthesis of a 381-amino-acid, 40-kDa pre-pro-protein. Pro-SP-B undergoes co-translational, carboxy-terminus glycosylation, may undergo aminoterminus glycosylation depending upon the presence of a nonsynonymous single nucleotide polymorphism (SNP) in exon 4, SFTPB genomic position (g.) 1580, and is sequentially proteolytically cleaved at amino and carboxy termini to yield the 79-amino-acid mature SP-B peptide [10] [11] [12] .
Developmental regulation of SP-B expression has been documented in human amniotic fluid samples and immunohistochemical studies of human fetal lungs [13] [14] [15] . Although the amino-and carboxy-terminus cleavage fragments of pro-SP-B have also been detected in amniotic fluid and bronchoalveolar lavage fluid, the functions of these processing fragments are unknown [10, 11, 16] . Studies in mice that express truncated SP-B have demon-strated the importance of SP-B processing and itinerary for function of the pulmonary surfactant [17] [18] [19] .
Genetic regulation of SP-B expression and surfactant function has been demonstrated in human newborn infants with rare, recessive, loss of function SFTPB mutations, in murine lineages with conditionally regulated SFTPB expression, and in cell culture systems with a nonsynonymous SNP at SFTPB g. 1580 [20] [21] [22] . To characterize developmental and genetic regulation of SP-B expression in vivo, we compared the frequencies of mature and pro-SP-B peptides in developmentally distinct cohorts and interrogated associations between common SFTPB genotypes and SP-B peptides in term and near-term infants with and without neonatal RDS.
Materials and Methods

Patient Populations and Sample Acquisition
To evaluate developmental regulation of SP-B, we obtained 24 archived, anonymized amniotic fluid samples from pregnancies at gestational ages ranging from 33 to 39 weeks (mean 37 8 2 weeks gestation), tracheal aspirates from a neonatal RDS cohort which included infants 6 34 weeks gestation with (n = 75; obtained 1 24 h after the last dose of surfactant replacement therapy) and without (n = 26) neonatal RDS (median 5 days, range 1-222 days, chronological age; table 1 ), and bronchoalveolar lavage samples from 6 nonsmoking adult volunteers (the gift of Tomoko Betsuyaku, MD, Hokkaido University School of Medicine, Kita-ku, Japan). Tracheal aspirate sample acquisition and processing were performed as previously described [23, 24] . Infants with RDS had abnormal chest radiographs and need for mechanical ventilation and supplemental oxygen, while those without RDS required mechanical ventilation for nonpulmonary reasons with normal chest radiographs and no requirement for supplemental oxygen. To confirm that SP-B peptide detection is independent of sample acquisition site, we compared SP-B peptides in 6 simultaneously acquired tracheal aspirate and BAL fluid specimens from older children who were undergoing diagnostic bronchoscopy ( fig. 1 ).
To evaluate genetic regulation of SFTPB expression, we obtained DNA from peripheral blood white cells from infants in the neonatal RDS cohort (n = 101). In view of the limited statistical power of the RDS cohort, we used a replication cohort (225 race and gestational age-matched anonymized DNA samples, 3 matched to each infant with RDS, from infants without RDS in a previously reported cohort) [25] to interrogate SFTPB genotype associations with RDS. The Washington University Human Research Protection Office approved this study.
Study Design and Methods Developmental Analysis and Immunoblotting
To evaluate developmental regulation of SP-B in vivo, we used immunoblotting of samples on nitrocellulose membranes transferred after SDS polyacrylamide gel electrophoresis under nonreduced and reduced (2-10% ␤ -mercaptoethanol) conditions as previously described [19] . We probed first with anti-serum to mature SP-B (Chemicon, Inc., Temecula, Calif., USA; No. AB3780), and, 
Genetic Analysis and Sequencing
To evaluate genetic regulation of SFTPB expression in vivo, we prepared genomic DNA from blood samples of the neonatal RDS cohort, amplified and resequenced SFTPB (g. -880 in the 5 promoter region through g. 7022 in intron 10), and assembled, analyzed, and edited chromatograms as previously described [25] . We omitted 380 bps in intron 4 due to inability of BigDye terminator sequencing chemistry to resolve multiple CA dinucleotide repeats in this region [26] as well as intron 10, untranslated exon 11, and the 3 untranslated region.
Analysis
We linked all clinical, genotype, and immunoblot data and performed data analyses using the Statistical Analysis Package (SAS version 9.1.3 Service Pack 4; SAS Institute, Cary, N.C., USA). We used 2 analysis to compare detected allele frequencies with predictions by the Hardy-Weinberg equilibrium. We used exact logistic regression to assess associations between SFTPB variants and SP-B peptides in the entire neonatal RDS cohort and between SFTPB variants and RDS status separately in African-and European-descent infants and included gestational age and gender as covariates. We used the Bonferroni method to correct for multiple independent testing and p values ^ 0.01 to declare significant statistical inferences. To achieve sufficient statistical power ( 1 0.8) to detect associations between SFTPB variants and specific SP-B peptides and also to detect a minimum twofold difference in allele frequencies between RDS and control infants, we analyzed associations between 5 SNPs with minor allele frequencies (MAFs) 6 0.3 and the 6 most commonly detected (frequencies 1 0.4) SP-B peptides.
Results
Developmental Regulation of SP-B Peptide Expression
To assess developmental regulation of SP-B in vivo, we compared frequencies of SP-B peptides in developmentally distinct groups. We detected both mature and pro-SP-B peptides (M r 10-42 kDa) in all 24 amniotic fluid samples and in 100 of 101 tracheal aspirate samples from the RDS cohort ( fig. 2 ; table 2 ). The diverse SP-B peptides detected in tracheal aspirates did not result from incompletely metabolized SP-B after surfactant replacement therapy: these peptides were detected by antibodies against both mature and pro-SP-B, while the antibody to pro-SP-B did not detect any peptides from Infasurf ( fig. 2 ) . In contrast to the amniotic fluid and tracheal aspirate samples, we detected only mature SP-B peptides and no pro-SP-B peptides in the 6 bronchoalveolar samples from adults ( fig. 2 ; probability of observed distribution by chance p ! 0.0001; Fisher's exact test). We also found that presence of each of the 6 most common SP-B peptides was significantly associated with gestational age (p ! 0.01). These observations suggest that proteolytic processing of pro-SP-B in vivo differs in developmentally distinct cohorts. To assess the possibility that mobilities of mature or pro-SP-B peptides resulted from disulfide mediated multimers or postacquisition proteolysis, we used reducing conditions (2-10% ␤ -mercaptoethanol) or incubation at room temperature or 37 ° C for 1, 3, and 6 h. While purified, human SP-B migrated with M r of 21 kDa under nonreducing and M r of 8 kDa under reducing conditions, most mature and pro-SP-B peptides from tracheal aspirates failed to resolve to an 8-kDa peptide ( fig. 3 ). Failure of mature SP-B peptides to resolve to 8 kDa suggests that mature SP-B peptide multimerization in unfractionated tracheal aspirates is not mediated via disulfide bonds or that inter-SP-B disulfide bonds are resistant to reduction in unfractionated tracheal aspirates. In addition, incubation of tracheal aspirates at varying time intervals failed to alter M r of the pro-SP-B or mature SP-B peptides (data not shown), an observation that suggests that postacqui- 1  P25  2  1  P24  4  21  14  59  P21  1  1  P20  1  2  15  P19  1  2  2  18  P18  1  2  P17  5  13  3  28  P16  1  1  2  P15  3  14  8  39  P13  1  1  P12  1  3  P11  1  2  4  P10  2 SP-B peptides are designated by M (detected by antibody to mature SP-B) or P (detected by antibody to pro-SP-B) and their molecular mass (M r ) in kDa. CON = Control infants; RDS = RDS infants; AD = African descent; ED = European descent.
* Denotes number of individuals with each peptide. sition proteolysis did not contribute to the diversity of SP-B peptides we detected. Table 3 displays all polymorphic sites (SNPs and insertion/deletions) identified in the neonatal RDS cohort. To assess genetic regulation of SP-B expression in vivo with adequate statistical power ( 1 0.8) to detect associations between SP-B peptides and SFTPB genotypes, we analyzed the 5 SFTPB genotypes with MAFs 6 0.3 (g. -18, g. 1013, g. 1580, g. 5028, and g. 5796) and 6 of the most commonly detected (frequencies 1 0.4) SP-B peptides (M r 15, 17, 21, 24, 40 , and 42 kDa) in the RDS cohort (n = 101). Because of small cohort size, overrepresentation of rare SFTPB variants in this cohort (23 of 40 polymorphic sites, 36 SNPs and 4 insertions or deletions, were detected in ! 3 infants; table 3 ) and multiple SP-B peptides, we had sufficient statistical power to interrogate only these associations. We found 1 example of genetic regulation of SP-B expression: genotypes (CC vs. CT vs. TT) of the nonsynonymous SNP at g. 1580 were significantly associated with presence of the M r 42-kDa (p = 0.0011) or absence of the M r 40-kDa pro-SP-B peptide (p = 0.0011), respectively, as predicted by the loss of a potential Nlinked, amino-terminus glycosylation site of pro-SP-B if isoleucine (T allele) is substituted for threonine (C allele) at codon 131 ( table 4 ) [22] . We also observed that the CC genotype at g. 1580 was associated with the absence of 1 pro-SP-B peptide (P15) ( table 4 ). This observation suggests that release of pro-SP-B proteolytic cleavage products may be influenced by the SNP at g. 1580. Although univariate analysis demonstrated that alleles at g. 1013 (p = 0.05, rs3024798) and g. 5796 (p = 0.1, rs2040349) were weakly associated with the expression of the M r 24-kDa pro-SP-B peptide, logistic regression analyses did not detect association between any other common SFTPB genotype and any common SP-B peptide ( table 4 ) .
Genetic Regulation of SP-B Expression
We found no differences in frequencies of common SFTPB genotypes between the RDS and control groups or between the RDS and control infants in the replication cohort ( table 5 ). Using logistic regression models that included the risk of RDS with respect to genotype, expression of the M r 21-or 24-kDa SP-B peptides, race, and gender, we found that the M r 24-kDa SP-B peptide was consistently an independent contributor to the risk of RDS irrespective of genotype (p = 0.02-0.04). These observations suggest that while SFTPB genotype at g. 1580 regulates amino-terminus glycosylation of pro-SP-B, SFTPB genotypes do not contribute to risk of RDS. 
Discussion
Our data suggest 5 possible differences in developmental regulation of pro-SP-B proteolytic processing in vivo between fetuses or newborn infants and adults. First, proteases required for pro-SP-B processing may be developmentally regulated in fetuses and newborn infants. Secondly, pro-SP-B may be released without routing through the multivesicular/composite body/lamellar body pathway in fetuses and newborn infants [9, 11] . Thirdly, fetal or neonatal alveolar epithelial cells may differ from adult cells in their secretory selectivity. Fourthly, pro-SP-B may be misprocessed by proteases not normally involved in pro-SP-B processing. Finally, detection of pro-SP-B peptides in bronchoalveolar lavage fluid from older children and adults with lung injury and from LPS-induced cho- rioamnionitis in animal models suggests that these SP-B peptides may also result from alveolar epithelial cell injury, the influence of inflammatory mediators, or proteolytic activity in airway effluent [11, 16, 27, 28] . We also cannot exclude the possibility that the pro-SP-B peptides we observed were released after alveolar type II cell death or by Clara cells. However, because we found these peptides in amniotic fluid, it is unlikely that they result from oxygen toxicity or barotrauma alone. Our study extends previous observations of regulation of human SP-B in fetal lung explant cultures, amniotic fluid, tracheal aspirate, and bronchoalveolar lavage [10, 11, [13] [14] [15] [16] . In vitro studies of the subcellular processing, localization, and distribution of SP-B in human fetal alveolar type II cells suggest 3 steps in the proteolytic processing of pro-SP-B that include 2 distinct cleavages of the amino-terminus pro-peptide (from 42-or 40-kDa pro-SP-B to 23 kDa and from 9-kDa to the 8-kDa mature SP-B) and 1 cleavage of the carboxy-terminus pro-peptide (from 23 to 9 kDa) [11, 19] . Immunolocalization studies suggest that these proteolytic processing steps likely involving cathepsin H, napsin A, and pepsinogen C occur en route from the Golgi complex through the multivesicular and composite bodies to the lamellar bodies in alveolar type II cells [11, 12, [29] [30] [31] . In vitro studies have also suggested that the amino-terminus, co-translational glycosylation of pro-SP-B is regulated by the genotype of a common, nonsynonymous SNP at g. 1580 [22] . While our study is limited by statistical power to detect associations between rare SFTPB genotypes and SP-B peptides, it confirms the association between genotype at g. 1580 and the presence of pro-SP-B peptides that suggests in vivo genetic regulation of amino terminus glycosylation and developmental regulation of SP-B proteolytic processing. Because of the multiple pro-and mature SP-B peptides we observed in tracheal aspirate samples, our study also demonstrates the importance of comprehensive proteomic resolution in evaluation of regulation of surfactant associated proteins. These observations suggest that pharmacologic strategies that increase SP-B proteolytic processing to produce mature SP-B may improve alveolar type II cell metabolism and pulmonary surfactant function without increased SFTPB transcription. We used a logistic approach that corrected for gestational age, gender and race to assess the association between each SFTPB genotype and the absence of each peptide band. A modified Bonferroni and Yekutieli false-discovery rate significance criterion was p value <0.0125 after correcting for 30 tests (5 polymorphic markers for each of 6 peptides). 1 Probability test p values. 2 For g. 1580 (Rs1130866), P40, CC (TT as reference, p = 0.0052, ␤ = -1.17) was associated with absence of the M r 40-kDa pro-SP-B peptide. 3 For g. 1580 (Rs1130866), P42, CT (TT as reference, p = 0.04, ␤ = 0.71) was associated with presence of the M r 42-kDa pro-SP-B peptide. 4 For g. 1580 (Rs1130866), P15, CC (TT as reference, p < 0.0001, ␤ = -1.63) was associated with absence of M r 15-kDa pro-SP-B peptide. 
